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We study electronic contribution to the Raman scattering of two- to four-layer graphene with the
top layer twisted by a small angle, θ < 2◦, relatively to the 2D crystal underneath. We find that
the Raman spectrum features two peaks produced by van Hove singularities in moire´ minibands
characteristic for twistronic graphene, one related to direct hybridization of Dirac states, and the
other resulting from band folding caused by moire´ superlattice. The positions of both peaks strongly
depend on the twist angle, so that their detection can be used for non-invasive measurements of
twist angle, even in the hBN-encapsulated structures.
PACS numbers:
Twisted bilayer graphene is a van der Waals het-
erostructure where the relative twist between the crys-
tallographic directions of constituent atomic planes alters
its electronic properties [1, 2]. Here, a small-angle twist
produces a long-period moire´ pattern which generates
minibands for electrons with a small moire´ Brillouin zone
(mBZ). The minibands and gaps between them strongly
depend on twist angle θ, leading to correlated electronic
states, including Mott insulator and superconductivity,
for a magic angle, θ ≈ 1.1◦ [1–11], where the lowest
miniband appears to be almost flat. Narrow minibands
also appear in (1 + 2) [12, 13] and (1 + 1 + 1) [14] tri-
layers. Theoretical studies predict that appearance of
correlated electronic phases is generic for a large family
of ’twistronic’ graphene stacks [15–21], highlighting the
need to expand the characterization toolbox of fast and
non-invasive methods for the twist angle in such struc-
tures.
Here, we show that this can be achieved using Raman
spectroscopy of electronic excitations. Raman scattering
with phonons has stood out as a powerful, non-invasive
method to inspect carbon materials [22], providing infor-
mation about defects, doping, strain and the number of
layers in the film. Twist of graphene layers was shown
to lead to resonant enhancement of the G peak [23, 24],
the width and position of the 2D peak [25], as well as
of processes involving phonons folded onto the mBZ [26–
28] and layer breathing and shear modes [29, 30], how-
ever, with a limited accuracy in determining the twist
angle. Below, we demonstrate that Raman spectroscopy
of the interband electronic excitations (ERS) [31–42] can
be used to detect twist-angle-dependent features in the
electronic spectrum of material. Below, we study the
electronic minibands and electronic contributions to the
Raman spectra for (1+N)-layer graphene stacks in which
the top layer is twisted by a small angle 0.8◦ < θ < 2◦
with respect to N = 1, 2, 3 layers underneath, as shown
in Fig. 1(a). We find that ERS is formed by transitions
from the n-th valence to the n-th conduction moire´ su-
perlattice (mSL) miniband (selection rules complemen-
tary to those for optical absorption [43, 44]) and fea-
tures two spectral peaks. One, at a lower Raman shift, is
caused by the resonant hybridization of electronic states
of the twisted monolayer and the underlying N -layer
stack [45, 46]. Another, higher-energy peak is due to the
anti-crossing of bands, backfolded by mSL. Both peaks
are related to van Hove singularities in the mSL mini-
bands. We trace the peaks positions as a function of
FIG. 1: (a) Pictorial representation of (1 + N) twistronic
graphene. The red and blue balls correspond to the two dif-
ferent sub-lattice sites in each graphene layer and green ellipse
represents a dimer bonding leading to direct interlayer cou-
pling. (b) Brillouin zones of the N -layer stack (dashed black
line) and the top graphene (dashed purple line) with corners
K and K′, respectively, as well as the effective moire´ Bril-
louin zone (solid black line). (c) Feynman diagrams for the
scattering amplitudesR contributing to the electronic Raman
features discussed in this paper.
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2FIG. 2: Left: Electronic miniband structures of twisted bilayer graphene for θ = 1.8◦ and θ = 1.1◦ across the corresponding
mBZ (solid black hexagons). The dashed black and purple lines indicate the positions of the valleysK andK′ within the mBZ.
Right: ERS intensity map for 0.8◦ < θ < 2◦. The green solid lines show cuts for the angles θ = 1.8◦ and θ = 1.1◦, indicated with
the green dashed lines. The grey and orange peaks mark spectral features corresponding to excitations indicated with arrows of
the same colour in the miniband dispersions which involve dispersion saddle points giving rise to van Hove singularities (vHs).
The left inset below the ERS map shows in yellow mBZ regions which contribute to the 2− → 2+ ERS peak; red dots indicate
positions of dispersion saddle points in the vicinity of K′. The other two insets depict real space distribution of the saddle
points wave function in the top/bottom layers; black solid lines mark boundaries of the moire´ supercell and the letters indicate
local stacking.
the twist angle and estimate their quantum efficiency,
I ∼ 10−11, to be in the measurable range [31–37].
To model twistronic graphene, we use a hybrid k · p
theory-tight-binding model, where we describe electrons’
states in each flake using the k · p expansion around
±K and ±K ′ Brillouin zone corners [see Fig. 1(b)] and
the interlayer hybridization using tunneling Hamiltonian
[46, 47]. The Hamiltonian Hˆ1+NX for an electron in a
(1 + NX) structure (X = B for Bernal or X = R for
rhombohedral stacking of the N ≡ 3 crystal) and with
momentum p = (px, py) measured from the centre of the
valley ±K in the N -layer bottom flake is
Hˆ1+NX =
 Hˆ1,θ
[Tˆθ 0ˆ2×2(N−1)][ Tˆ †θ
0ˆ2(N−1)×2
]
HˆNX
 . (1)
Here, K = 4pi3a (1, 0), a is the graphene lattice con-
stant, K ′ = RˆθK [Rˆθ clockwise rotates by angle θ, see
Fig. 1(b)], 0ˆn×m is the n ×m matrix of zeros, and Hˆ1,θ
and HˆNX account for rotated monolayer graphene and a
perfectly stacked N -layer crystal, respectively:
Hˆ1,θ = ve
i θ2σzσ · (p− ~∆K) e−i θ2σz , (2)
Hˆ2 =
[
Hˆ1 Tˆ
Tˆ † Hˆ1
]
, Hˆ3X =
 Hˆ1
[
TˆX, 0ˆ2×2
][
Tˆ †X
0ˆ2×2
]
Hˆ2
 .
In Hˆ1(θ), σ = (σx, σy), with σx, σy, σz the Pauli matri-
ces; ∆K = K ′−K is a mismatch between Brillouin zone
corners (valleys) in the top and bottom crystals and v is
the monolayer Dirac velocity. The interlayer coupling
block in Hˆ2 in Eq. (2) is
Tˆ =
[−v4pˆi† v3pˆi
γ1 −v4pˆi†
]
,
where pˆi = px+ ipy, γ1 = 0.39 eV is the ’direct’ interlayer
coupling between the dimer sites, see Fig. 1(a), and v3
and v4 are velocities related to interlayer skew couplings
γ3 ≈ 0.3 eV and γ4 ≈ 0.04 eV [48]. In trilayer (and
N > 3) crystals, TˆB = Tˆ
† but TˆR = Tˆ . Finally, the block
Tˆ (θ) in Eq. (1) captures the interlayer coupling between
3the N -layer crystal and the twisted top monolayer and
we write it following previous works [46, 47],
Tˆθ = t
(
Tˆ1 + Tˆ2eiξG1·r + Tˆ3eiξG2·r
)
, (3)
Tˆn+1 = Iˆ2 + cos
(
2pin
3
)
σx + ξ sin
(
2pin
3
)
σy.
Here, G1 =
√
3Rˆ2pi/3∆K and G2 =
√
3Rˆ−2pi/3∆K, ξ =
± selects the valley ξK and we use t ≈ 110 meV [47]
for interlayer coupling (Iˆd is the d × d unit matrix). Tˆθ
in Eq. (3) is responsible for mSL effects and defines the
hexagonal mBZ marked in Fig. 1(b).
In the electronic Raman scattering (ERS), photon of
energy Ω arrives at the sample (here, we assume nor-
mal incidence of light) and scatters to a photon with
energy Ω′ = Ω− ω, leaving behind an electron-hole pair
with energy ω. In contrast to classical plasmas, where
the amplitude of such process is controlled by contact
interaction (AA′ ∂
2Hˆ
∂pi∂pj
, A and A′ are the vector poten-
tials of the incoming and outgoing light, respectively), in
graphene, the dominating contribution comes from a two-
step process, described by the Feynman diagrams shown
in Fig. 1(c). It corresponds to absorption (emission) of a
photon with energy Ω (Ω′) transferring an electron with
momentum p from an occupied state in the valence band
into a virtual intermediate state (energy is not conserved
at this stage), followed by emission (absorption) of a sec-
ond photon with energy Ω′ (Ω) [31, 32], with an ampli-
tude [37]
R = i (e~v)
2
0Ω2
(l× l′)z IˆN+1 ⊗ σz. (4)
Here, the main contribution to the Raman signal comes
from n− → n+ minisubband transitions, where ns de-
notes the n-th miniband on the valence (s = −1) or
conduction (s = 1) side. This ERS signal can be fil-
tered out from the phonon G-line by selecting the cross-
polarized component of the Raman signal. The overall
lineshape g(ω) of inelastic photon scattering with Raman
shift, ω = Ω−Ω′, is described using Fermi’s golden rule,
g(ω) =
1
c
∫
dq′ w(ω)
(2pi~)3
δ(Ω′ − c|q′|) = Ω
2
(2pi~)3c4
w(ω),
w(ω) =
2
pi~3
∑
ns,ms′
∫
dp
∣∣∣〈p,ms′ ∣∣∣R ∣∣∣p, ns〉∣∣∣2 (5)
× fp,ns(1− fp,ms′ )δ(p,ms′ − p,ns − ω),
where fp,ns is the occupation factor of a state |p, ns〉 with
momentum p and energy p,ns in the band n
s.
In Fig. 2 (r.h.s.), we present the ERS intensity map
for a (1 + 1) twisted bilayer graphene in a twist angle
range 0.8◦ < θ < 2◦, neglecting its atomic reconstruction
[49]. Two bright features stand out in this plot, corre-
sponding to transitions between the minibands 1− → 1+
FIG. 3: Top: ERS intensity map for (1+2) graphene. The
green dashed lines indicate twist angles θ = 1.8◦ and θ = 1.1◦
and the green solid lines show the ERS spectra for these an-
gles. Bottom: Miniband structure for the (1 + 2) stack for
θ = 1.1◦. The top inset shows in yellow the mBZ regions
which contribute to the 2− → 2+ ERS peak; red dots indi-
cate positions of dispersion saddle points. The bottom inset
depicts real space distribution of the saddle points wave func-
tion in the bottom layer; black solid lines mark boundaries
of the moire´ supercell and the letters indicate local stacking
(from the bottom layer to the top).
and 2− → 2+. For two selected cuts at θ = 1.8◦ and
θ = 1.1◦, the peaks come from transitions indicated by
arrows in the corresponding minibands plots. The first
peak, 1− → 1+, is due to transitions from or to flat re-
gions of electronic dispersion resulting from hybridization
of the Dirac cones of the two layers (the Dirac points can
still be identified in the dispersion for θ = 1.8◦ as touch-
ing points of the minibands shown in red), which are re-
sponsible for a van Hove singularity (vHs) in the density
of states [45, 46]. This vHs can be regarded as a direct
evidence of interlayer hybridization of the Dirac band
in graphene monolayers. As the twist angle is decreased,
4FIG. 4: Comparison of ERS intensity maps for (1+3B), (a), and (1+3R), (b), twisted tetralayer graphenes as well as miniband
structures for θ = 1.1◦. The green dashed lines in the ERS maps indicate twist angles θ = 1.8◦ and θ = 1.1◦ and the green
solid lines show the corresponding Raman spectra.
this ERS peak moves to lower energies. The second peak,
2− → 2+, is due to the transitions between the flat re-
gions of the second valence and conduction minibands,
indicated by orange arrows in the miniband structure for
θ = 1.1◦, with the overall intensity prodived by the mBZ
section painted in yellow in the left-most inset below the
ERS map. The other two panels show the real-space
distribution of the saddle point states across the moire´
supercell in the top and bottom monolayers. For the
2− → 2+ peak, both the initial and final states are close
to vHs, while for the 1− → 1+ peak this is the case only
for either the initial or final state. Hence, for the same
twist angle, the 2− → 2+ feature is larger than 1− → 1+.
In Fig. 3, we show the ERS intensity map for (1 + 2)
twistronic graphene and an exemplary miniband struc-
ture for θ = 1.1◦. Similarly to (1+1) graphene, the domi-
nant contributions come from the 1− → 1+ and 2− → 2+
electronic transitions. The two peaks also have the same
origins: the first one is due to direct hybridization of the
monolayer and bilayer states between the valleys K ′ and
K while the second is formed by states backfolded by
moire´ superlattice. However, for a given twist angle, the
peaks appear at lower Raman shifts than in the (1 + 1)
structure. This is because the unperturbed dispersion in
bilayer is flatter than in a monolayer – as a consequence,
the anti-crossings and hence the vHs form at lower en-
ergies as compared to the (1 + 1) stack. To the right of
the miniband spectrum, we show (in yellow) the regions
of the mBZ which contribute to the 2− → 2+ ERS peak.
In Fig. 4, we plot ERS maps of two monolayer-on-
trilayer structures, (1 + 3B) and (1 + 3R), together with
exemplary miniband dispersions for θ = 1.1◦. Bernal-
stacked trilayer graphene, Fig. 4(a), hosts both a bilayer-
and monolayer-like low-energy bands [50] which hybridize
with the top monolayer states and produce multiple over-
lapping contributions with a structrue less pronounced
than in both the (1 + 1) and (1 + 2) systems. In con-
trast, rhombohedral trilayers only host one low-energy
5band, with a cubic dispersion in the vicinity of the valley
centre [51]. This low-energy band is localised on the top
and bottom surfaces of the crystal and is significantly af-
fected by mSL produced by the top layer twist, leading
to a pair of clear spectral features, Fig. 4(b), as in (1+1)
and (1 + 2) twistronic graphene.
Overall, our studies of electronic Raman scattering in
(1 + N) twistronic graphene (for N = 1, 2, 3) identify
two clear features in the Raman spectrum, correspond-
ing to electron-hole excitations involving van Hove sin-
gularities of moire´ superlattice minibands, with the Ra-
man shift dependent on the twist angle between the lay-
ers. Currently, accurate determination of the twist an-
gle, especially in the small-angle regime, requires time-
consuming microscopic investigations of the moire´ pat-
tern or magneto-transport measurements to determine
the size of the mBZ. We suggest that, based on our re-
sults, calibration of the positions of the Raman features
and the twist angle in the structures with known θ would
allow to identify the orientations of the component crys-
tals in other samples, enabling a non-invasive method
to determine the twist angle, even in structures encapsu-
lated with other materials, where the graphene/graphene
moire´ pattern is not directly accessible for tunnelling
spectroscopy studies [1, 2, 5, 6, 9–14].
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